We study the possible exotic states with J P C = 0 +− using the tetraquark interpolating currents with the QCD sum rule approach. The extracted masses are around 4.85 GeV for the charmoniumlike states and 11.25 GeV for the bottomomium-like states. There is no working region for the light tetraquark currents, which implies the light 0 +− state may not exist below 2 GeV.
I. INTRODUCTION
Up to now most of the hadrons observed experimetally can be interpreted as the qq/states in the quark model [1, 2] . However there has accumulated some evidence of the exotic state with J P C = 1 −+ [3] [4] [5] . Such a quantum number is not accessible for a conventional meson composed of a pair of quark and anti-quark in the nonrelativistic quark model. Sometimes these states are named as exotic states although all the J P C quantum numbers are allowed in QCD.
For a neutral quark modelstate, J = 0 ensures L = S hence C = (−) L+S = +1. Therefore, there exist two possible exotic states with J P C = 0 −− and 0 +− . It's also interesting to note that the J P C quantum number of the local operators composed of a pair of the gluon field strength tensor is either 0 ++ or 0 −+ . On the other hand, the tetraquark operators may carry the 0 −− and 0 +− quantum numbers. In fact, the 0 −− state was investigated systematically using the tetraquark currents with the QCD sum rule method [6, 7] . As a byproduct, it was noted that there does not exist any tetraquark interpolating current without derivative for the J P C = 0 +− case.
With the similar formalism, one may construct the possible 0 +− tetraquark current by introducing derivatives. There are two kinds of constructions either with thebasis or with theqq basis: (qq)(qq) and (qq)(qq). However, they can be related to each other by the Fierz transformation [6] . In this work we use the first set. With these independent 0 +− currents, we perform the QCD sum rule analysis and extract the masses of the corresponding currents.
This paper is organized as follows. In Sec. II, we construct the tetraquark currents with J P C = 0 +− using the diquark (qq) and antidiquark (qq) fields. In Sec. III, we calculate the correlation functions and spectral densities of the interpolating currents and collect them in the Appendix B. We perform the numerical analysis and extract the masses in Sec. IV for the light and heavy systems respectively. The last section is a brief summary.
II. TETRAQUARK INTERPOLATING CURRENTS
It was shown that the J P C = 0 +− tetraquark interpolating currents without derivatives do not exist [6] . So in this work we construct the 0 +− currents with the derivatives following the similar steps as in Ref. [6] . We first construct two independent tetraquark fields:
where q 1−4 represents the flavor of quarks, and a − d stands for the color indices,
It is understood that the index c is the color index of q ← − D µ c . In Eqs.
(1) and (2) we have used the shorthand notation to simply the expression.
To compose the color singlet tetraquark currents, the diquark and antidiquark should have the same color and spin symmetries. Therefore the color structure of the tetraquark is either 6 ⊗6 or3 ⊗ 3, which is denoted by labels 6 and 3 respectively. Details can be found in Ref. [6] . Considering both the color and Lorentz structures, we can obtain the currents with J P C = 0 +− :
III. QCD SUM RULE
Consider the two-point correlation function in the framework of QCD sum rule
where η is an interpolating current. At the hadron level, the correlation function Π(p 2 ) is expressed via the dispersion relation:
where
where m X is the mass of the resonance X and f X is the decay constant of the meson:
The correlation function can also be calculated at the quark-gluon level using the QCD operator product expansion (OPE) method. It is convenient to evaluate the Wilson coefficient in the coordinate space for the light quark systems and in the momentum space for the heavy quark systems respectively. In our calculation we consider the first order perturbative and various condensates contributions. In order to calculate the gluonic condensate, it is convenient to work in the fixed-point gauge. The massive quark propagator iS(x, y) in an external field in the fixed-point gauge is listed in Appendix A. The quark lines attached with gluon contain terms proportional to y, which we can ignore in the current without derivatives. We keep these terms throughout the evaluation and let y go to zero only after finishing the derivatives. The Π(p 2 ) can be written as:
where the m 1 and m 2 are the mass of the quark q 1 and q 2 respectively. In order to suppress the higher state contributions, we perform the Borel transformation to the correlation function, which improves the convergence of the OPE series. With the quark-hadron duality, we obtain:
where s 0 is the threshold parameter and M B is the Borel parameter. We can extract the meson mass m X :
For all the tetraquark currents in Eq. (2), we collect the spectral density ρ OP E (s) in the Appendix. The quark condensatevanishes due to the special Lorenz structures of the currents. For the q = u, d, we do the calculation in the chiral limit m q = 0. Since the contribution of the three gluon condensate g 2 f GGG is very small, we consider only the power corrections from the following condensates g 2 GG , qgσ · Gq ,2 and qgσ · G. We list several typical Feynman diagrams in the Fig. 1 . 
IV. NUMERICAL ANALYSIS
In the QCD sum rule analysis,we use the following values of the quark masses, coupling constant and various condensates [1, [8] [9] [10] :
The Borel mass M B and the threshold value s 0 are two pivotal parameters. The working region of the Borel mass is determined by the convergence of the OPE and the pole contribution. The requirement of the convergence of the OPE determines the lower bound M Bmin of the Borel mass, and the pole contribution determines the upper bound M Bmax .
In this work, there is no contribution from the quark condensate. The correction from the condensate qgσ · Gis the most important numerically. Its contribution is bigger than that from the gluon condensate g 2 GG , mixed condensate qgσ · Gq and the four quark condensate2 . The mixed condensate is also very important numerically for the currents η 1, 3 . We require that the condensate qgσ · Gbe less than one ninth of the perturbative term to ensure the convergence of OPE, which leads to the lower bound of the Borel parameter working window. The pole contribution (PC) is defined as
which depends on both the Borel mass M B and the threshold value s 0 . s 0 is chosen around the region where the variation of m X with M B is minimum. Requiring the PC be larger than 30% ∼ 50%, we get the upper bound M Bmax of the Borel mass M B . We list the working region of the Borel parameter for the four currents with different quark composition in Table I . For the η c 1−4 , we get the upper bound of Borel parameter M B by requiring the PC be larger than 30%. For η b 1−4 we require the PC be larger than 40%. The masses are extracted using the threshold values s 0 and Borel parameters M B listed in Table I . The last column is the pole contribution with the corresponding s 0 and M B .
For the light tetraquark systems, there does not exist a working region for the sum rules. Even in the extreme case that the pole contribution is ∼ 30% and the contribution of the condensate qgσ · Gis around the leading order contribution, the lower bound M Bmin is still much larger than the upper bound M Bmax . In other words, there is no working region for light quark systems. As shown in Fig.(2,3) , the extracted mass grows monotonically with s 0 which implies the 0 +− state does not exist below 2 GeV. We note that the light J P C = 0 −− state does not exist either [6] . The 0 +− and 0 −+ channels are in strong contrast with the 0 ++ case, where there exist stable tetraquark QCD sum rules and the extracted scalar meson masses agree with the experimental scalar spectrum nicely [11] .
For the heavy systems, the variation of m X with s 0 and M B is presented in Figs. (4)- (11) . All the sum rules are very stable with reasonable variations of s 0 and M B . The presence of the two heavy quarks reduces the kinetic energy of the tetraquark system, hence helps to stabilize the sum rules. Numerically, the masses of the 0 +− states are slightly larger than those of the 0 −− states [7] .
V. SUMMARY
The exotic state with J P C = 0 +− cannot be composed of a pair of quark and anti-quark. In order to explore these exotic states, we have constructed four tetraquark interpolating operators. Then we make the operator product expansion and extract the spectral density. Because of the special Lorentz structures of the currents, the quark condensatevanishes.
For the light tetraquark systems, there does not exist a working region of the Borel parameter and threshold for all the derived sum rules. It seems that none of these independent interpolating currents supports a resonant signal below 2 GeV, which is consistent with the current experimental data [1]. In contrast, there exist very stable QCD sum rules constructed from the tetraquark interpolating operators in the scalar channel. The extracted scalar spectrum agrees with the experimental data nicely [11] .
For the heavy quark systems, the 0 +− tetraquark sum rules are quite stable. The presence of two heavy quarks may render the kinetic energy of the tetraquark system, which is helpful in the formation of bound states. The extracted masses from the four interpolating currents η +− charmonium-like state extracted from the tetraquark sum rules is numerically quite close to the mass of the 0 +− hybrid charmonium extracted on the lattice [12, 13] . Because of the special "exotic" quantum number, the 0 +− charmonium-like state does not decay into a pair of particle (H) and anti-particle (H). There are two types of 0 +− states with different isospin and G-parity: and I G = 1 + . Only a few S-wave decay modes are allowed. Some possible two-body decay modes are listed in Table II . Replacing the D meson by B meson, one gets the decay patterns of the bottomonium-like states so long as the kinematics allows. The 0 +− state may be searched for experimentally at facilities such as Super-B factories, PANDE, LHC and RHIC in the future, especially at RHIC and LHC where plenty of charm, anti-charm and light quarks are produced. The fixed-point gauge is defined as:
where x 0 is an arbitrary point in space which can be chosen to be the origin. Then the potential A a µ can be expressed in terms of the field strength tensor [14, 15] :
Denote the massive quark propagator between the position x and y in the coordinate space as iS(x, y). The massive quark propagator in the momentum space is [14] :
where iS 0 (p) is the free quark propagator:
is the quark propagator with one gluon leg attached:
iS gg (p) is the quark propagator with two gluon legs attached:
Appendix B: The Spectral Densities
In this appendix, we list the spectral densities of the tetraquark interpolating currents. For the light quark systems (q 1 , q 2 = u, d), the spectral densities are:
For the heavy systems (q 1 = u, d, q 2 = c, d), the spectral densities are:
For the condensateGq , it contains two parts: one part could be written as ρ, and the other part couldn't, which we perform the Borel transformation directly. Therefore
For the interpolating current η 1 : 
For the interpolating current η 2 : 
For the interpolating current η 3 : 
